Melanopsin (opsin4; Opn4), a non-image-forming opsin, has been linked to a number of behavioral responses to light, including circadian photo-entrainment, light suppression of activity in nocturnal animals, and alertness in diurnal animals. We report a physiological role for Opn4 in regulating blood vessel function, particularly in the context of photorelaxation. Using PCR, we demonstrate that Opn4 (a classic G protein-coupled receptor) is expressed in blood vessels. Force-tension myography demonstrates that vessels from Opn4 −/− mice fail to display photorelaxation, which is also inhibited by an Opn4-specific small-molecule inhibitor. The vasorelaxation is wavelength-specific, with a maximal response at ∼430-460 nm. Photorelaxation does not involve endothelial-, nitric oxide-, carbon monoxide-, or cytochrome p450-derived vasoactive prostanoid signaling but is associated with vascular hyperpolarization, as shown by intracellular membrane potential measurements. Signaling is both soluble guanylyl cyclase-and phosphodiesterase 6-dependent but protein kinase G-independent. β-Adrenergic receptor kinase 1 (βARK 1 or GRK2) mediates desensitization of photorelaxation, which is greatly reduced by GRK2 inhibitors. Blue light (455 nM) regulates tail artery vasoreactivity ex vivo and tail blood blood flow in vivo, supporting a potential physiological role for this signaling system. This endogenous opsin-mediated, lightactivated molecular switch for vasorelaxation might be harnessed for therapy in diseases in which altered vasoreactivity is a significant pathophysiologic contributor.
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photorelaxation | opsin | melanopsin | signal transduction | GRK2 P hotorelaxation, the reversible relaxation of blood vessels to cold light, was initially described by Furchgott et al. in 1955 (1) . Subsequent studies have attempted to define the signal transduction mechanisms responsible for this phenomenon. The process seems to be cGMP-dependent but endothelialindependent. The role of nitric oxide (NO) in photorelaxation has been controversial (2-7), with some studies showing that NOS inhibition with L-NAME not only fails to inhibit the response (2) but in some cases enhances and prolongs it (3). Moreover, several published reports examining photorelaxation demonstrate an attenuation of the response with each subsequent light stimulation. A number of investigators have proposed that NO dependence results from the photo-release of NO stores from nitrosothiols and that the endothelium and NOS are important for the repriming of these stores (stores that become depleted with each photo-stimulation); however, the source of those nitrosothiols has not as yet been clearly identified (6) . Importantly, photo-release of NO occurs in the UV-A spectrum at 366 nm (4) (5) (6) , a wavelength at which intravascular nitrosospecies and nitrite have the potential to release substantial quantities of NO (7) . However, this wavelength is very different from that at which others have observed vascular responses. Given the controversy surrounding the photorelaxation mechanism, we postulated an entirely new mechanism: that photorelaxation is mediated by transduction through photosensitive receptors in blood vessels. These photoreceptors are part of the family of non-image-forming (NIF) opsins. We now report a signaling cascade mediating photorelaxation via Opn4, cGMP, and phosphodiesterase 6 (PDE6) that is regulated by G protein-coupled receptor kinase 2 (GRK2).
Methods
A complete description of methods is provided in SI Methods.
Vasoreactivity. Photorelaxation of blood vessels was assessed via force-tension myography. Aorta was mounted on a myograph using a microscope, bathed in physiological Krebs buffer, and preconstricted. Light was delivered via cold light lamp (40,000-200,000 lux), light diodes [red (620-750 nm), green (495-570 nm) or blue (380-495 nm)], or a monochromator with varying wavelength.
Laser Doppler Flowmetry. Anesthetized mice were secured in the supine position. A laser-Doppler flow probe was placed on the proximal ventral surface of the tail. The position of the fiber-optic probe was adjusted to obtain a stable flux measurement and was secured in place with glue. Relative changes in red blood cell flux were monitored with a Perimed PeriFlux System 5000 laser-Doppler Flowmeter.
Significance
Non-image-forming opsins such as Opn4 regulate important physiological functions such as circadian photo-entrainment and affect. The recent discovery that melanopsin (Opn4) functions outside the central nervous system prompted us to explore a potential role for this receptor in blood vessel regulation. We hypothesized that Opn4-mediated signaling might explain the phenomenon of photorelaxation, for which a mechanism has remained elusive. We report the presence in blood vessels of Opn4 and demonstrate that it mediates wavelength-specific, light-dependent vascular relaxation. This photorelaxation signal transduction involves cGMP and phosphodiesterase 6, but not protein kinase G. Furthermore it is regulated by G protein-coupled receptor kinase 2 and involves vascular hyperpolarization. This receptor pathway can be harnessed for wavelength-specific light-based therapy in the treatment of diseases that involve altered vasoreactivity. (Fig. 1C) . Furthermore, the abundance of transcript seems to be higher in aorta than in homogenates of whole brain (Fig.  S1A ). Expression of Opn4 was further confirmed using a second set of PCR primers (Fig. S1B) . In aortic rings from Opn4
mice, vasorelaxant responses to light were virtually abolished ( Fig. 1D and Fig. S1C ), whereas relaxation to the endotheliumdependent vasodilator acetylcholine was unaltered (Fig. S1D) . A small-molecule opsin inhibitor ("opsinamide" with sulfonamide structure) has recently been identified and designated Compound 2: 1-(2,5-dichloro-4-methoxy-benzenesulfonyl)-piperidine,
Compound 2 elicited a dose-dependent inhibition of photorelaxation, with an IC 50 of 18.2 nM ( Fig. 1 E and F), while retaining an unchanged vasorelaxant response to the NO donor sodium nitroprusside (SNP) (E max , 101 ± 0.15% vs. 101 ± 0.12%, nonsignificant, n = 8).
The Photorelaxation Response Is Wavelength-Specific. Vasorelaxation was initially observed in response to cold white light. We next examined vasorelaxation responses to a range of wavelengths with diodes that emit red (620-750 nm), green (495-570 nm), or blue (380-495 nm) light (RGB). The vessels did not respond to red or green light but displayed maximal vasorelaxation at low-intensity blue light ( Fig. 2 A and B) . Next, using a monochromator, we determined the precise peak wavelength spectral sensitivity by changing the wavelength at 30-nm intervals and measuring the vasorelaxant response. Responses were observed only in the blue light spectrum (400-500 nm), with a maximal response at between ∼430 and 460 nm ( Photorelaxation Signal Transduction Is Endothelium-and eNOSIndependent but Involves Soluble Guanylyl Cyclase (SGC), PDE6, and Vessel Hyperpolarization. We investigated signal transduction mechanisms underlying Opn4-mediated photorelaxation. We first ascertained whether phototransduction is an endotheliumdependent phenomenon. Removal of the endothelium had no effect on photorelaxation ( Fig. S2 A and B) . The NOS inhibitor L-NAME had little effect, modestly enhancing responses ( (4) . To exclude other potential NO stores (nitrosothiols) as a possible mechanism contributing to light-induced relaxation, vessels were preincubated with the NO scavenger carboxy-PTIO (CPTIO) (4). Whereas CPTIO, as predicted, significantly attenuated the vasorelaxant response to endothelial dependent activation with ACh ( Fig. S2 G and H), CPTIO had no effect on the vasorelaxant response to blue light ( Fig. S2 I and J) . Additionally, to exclude cyclooxygenase or cytochrome p450 (cyp450)-derived hyperpolarizing eicosanoids as possible mediators of the vasorelaxant response to light, vessel rings were preincubated with the cyclooxygenase inhibitor indomethacin (3 μM), the epoxyeicosatrienoic acids (EETs) antagonist 14,15-EEZE (30 μM) (10), and the cyp450 epoxygenase inhibitor N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexamide (MS-PPOH) (20 μM) (11) . Moreover, to exclude carbon monoxide as a potential mediator of this effect, vessel rings from heme oxygenase 2 knockout mice (HO2 −/− ) mice were tested. Preincubation of aortic rings with indomethacin, 14,15-EEZE, or MS-PPOH had no effect on the vasorelaxant response to blue light ( Fig. S3 A and B, C and D, and E, respectively). The vasorelaxant responses of the rings from HO2 −/− mice were also no different from their WT controls (Fig. S3F) . Interestingly, preincubation of mouse aortic rings with the sGC inhibitor 1H-[1,2,4]oxadiazolo [4,3-a]quinoxalin-1-one (ODQ) completely inhibited the photorelaxation response ( Fig. 3 A and B) . Although the functional GC in retinal phototransduction is membrane-bound (12), signaling may be promiscuous given the abundance of sGC in vascular smooth muscle cell (VSMC). Because photorelaxation seemed to be sGC-dependent, we tested whether cGMP-dependent protein kinase (PKG) was involved. Although preincubating vessel rings with the PKG inhibitor KT5823 (0.5 μM) failed to attenuate the photorelaxation response (Fig. 3C) , it significantly inhibited the response to SNP [E max , 108 ± 0.86% vs. 75 ± 3.3%, logEC 50 , −8.24 ± 0.03 vs. −7.43 ± 0.13; n = 3, P < 0.05 vehicle control (VC) vs. KT5823] (Fig. 3D) . We confirmed this finding using two other PKG inhibitors, sc-201161 (10 μM) and Rp-8Br-PET-cGMP (10 μM) ( Fig. 3C and Fig. S4 A and B) . This suggests that the vasorelaxation mechanism is sGC/ cGMP-dependent but PKG-independent. We next tested whether the hyperpolarization in photorelaxation involves direct cGMP-regulated ion channels. G protein-dependent phototransduction is classically dependent on PDE6 activation and cGMP hydrolysis by PDE6 (13) . Preincubation of aortic rings with the PDE inhibitor sildenafil abolished photorelaxation (Fig. S4C) . Although the K i of sildenafil for PDE5 is 4 nM, its K i for PDE6 is also low (K i 40 nM) (14) . To discriminate PDE5 and PDE6, vessel rings were preincubated with the PDE5-selective inhibitor T0156 (Tocris Bioscience; K i 56 nM and K i 0.23 nM for PDE5 and 6, respectively, thus >200-fold selectivity vs. 10-fold for sildenafil). T0156 (1 nM) failed to inhibit light-induced vasorelaxation (Fig. 3 D and E) .
the vasorelaxant responses to light. Accordingly, it seems that PDE6 rather than PDE5 mediates photorelaxation. Using RT-PCR, we confirmed that both PDE5 and PDE6 are expressed in thoracic aorta isolated from both Opn4 +/+ and Opn4 −/− mice (Fig. S4C) . To evaluate the relationship between photorelaxation and alterations in membrane potential (E m ), we made sharp electrode intracellular recordings of in situ VSMC E m in endothelium-denuded segments of mouse thoracic aorta at baseline, in the presence of a depolarizing stimulus and GRK2 inhibitor, and then as the tissue was exposed to blue light (Fig. 4A) . Blue light hyperpolarized PE-depolarized vessels (Fig. 4 A and B) , whereas vessels depolarized with 60 mM K + exhibited no change in E m to blue light (Fig. 4C and Fig. S4E ). These data imply that opening of K + channels, which are blocked with 60 mM K + , mediates photorelaxation. Furthermore, hyperpolarizing responses to blue light were almost completely lost in Opn4 −/− mice and in vessels from Opn4 +/+ mice preincubated with the opsinamide, Compound 2 (1 μM) (Fig. 4A) . Thus, mechanisms underlying photorelaxation closely recapitulate the "simple" photoreceptors in invertebrates involving hyperpolarization, PDE6, and likely cGMP-gated channels.
GRK2 Mediates Light Stimulus-Dependent Desensitization. Photorelaxation desensitized with repeated rapid light stimulation but recovered after 30 min of dark exposure (Fig. S5A) . Given that opsins are G protein-coupled receptors (GPCRs), we hypothesized that desensitization is mediated by GPCR kinases. Accordingly, we preincubated aortic rings with Gallein (Tocris Biosciences), which blocks the interaction between βγ subunit and GRK2 and has been shown to reduce β-AR-mediated membrane recruitment of GRK2 in isolated adult mouse cardiomyocytes and prevent pharmacologically induced heart failure in mice (16) . Gallein prevented desensitization of light stimulus-dependent vasorelaxant responses (Fig. S5B) . Additionally, we preincubated the vessels with the GRK2-specific inhibitor methyl 5-[2-(5-nitro-2-furyl)vinyl]-2-furoate (Calbiochem) at 0.010-1 μM. GRK2 inhibition blocked desensitization ( Fig. 5 A and B) and markedly enhanced the sensitivity of the blood vessels to light. We depleted GRK2 in aortic rings with adenoviral-transduced shRNA (Fig. S5C) , which was confirmed in mouse embryonic fibroblasts (Fig. S5D ). GRK2 depletion in aorta significantly enhanced photorelaxation [ We have demonstrated a role for Opn4 in isolated blood vessels.
To determine in vivo physiological consequences and evaluate vascular beds in which exposure to light is likely, we studied photorelaxation in tail arteries of Opn4 +/+ and Opn4 −/− mice, both ex vivo and in vivo. Using wire myography, we examined vasorelaxation responses in mouse-tail arteries, to a range of wavelengths with RGB diodes. Consistent with the data from aorta, the tail arteries of Opn4 +/+ did not respond to red or green light but displayed maximal vasorelaxation at low-intensity blue light. The tail arteries of Opn4 −/− mice showed no reactivity to any of the three wavelength spectrums (Fig. 6A) . Using laser Doppler flowmetry, in vivo experiments were conducted to determine tail blood flow. Red blood cell flux was measured as the tail was exposed to blue light for 10 min followed by a 10-min dark period. There was a significant increase in tail blood flow in Opn4 +/+ mice with exposure to blue light, which was reversed in dark. This phenomenon was not observed in Opn4 −/− mice ( Fig.  6 B and C) .
Discussion
Here we report the presence and acute regulation of GPCR Opn4 receptors in blood vessels and provide a previously unidentified mechanistic insight into the signal mechanisms by which their stimulation produces photorelaxation, a phenomenon that has been described by vascular biologists for more than 5 decades.
Behavioral and physiological adaptation to changes in the ambient light is crucial for life. The light modulation of neuroendocrine function and temporal alignment of physiology and behavior to the day/night cycle by the circadian clock are such adaptations. The best-characterized adaptation to light occurs in the eye, where NIF responses can function independently of rods and cones but depend on ocular light reception. The expression and function of the NIF GPCR Opn4 in intrinsically photosensitive retinal ganglion cells (pRGCs) and exploration of its role in major NIF responses provided fundamental understanding of mammalian adaptation to the light environment (17) . Recent advances have linked Opn4 to diverse physiological and behavioral responses to light, including circadian photo-entrainment, light suppression of activity in nocturnal animals, alertness in diurnal animals, acute suppression of pineal melatonin, light modulation of sleep, light exacerbation of migraine, and the pupillary light reflex (18) . Indeed, an intrinsic photosensitive iris pupillary reflex independent of neuronal circuitry has recently been described (18) , suggesting that Opn4 is expressed in extraneuronal tissue. Our finding that functional Opn4 receptors are present in the vasculature is consistent with such nonvisual functions of Opn4. The finding that photoreceptors exist in blood vessels is not entirely surprising, because Opn4 seems to regulate retinal blood vessel development through a VEGFdependent pathway (19) . Moreover, there is precedence for the presence of "environment sensing" receptors in the cardiovascular system. For example, TRPV1 nociceptors are expressed in both vascular smooth muscle and endothelium and mediate opposing vasomotor effects (20) . Vascular disposition of photorelaxation may represent a vestige of evolution, a function of embryologic determinism, or a novel mechanism for regulating blood flow distribution in response to changes in the light cycle. This system may be targeted for therapy in diseases that involve altered vasoreactivity. Phylogenetic analysis reveals that mammalian melanopsin is more closely related to invertebrate opsins than to the classic vertebrate visual opsin, rhodopsin (21) . Opn4 uses 11-cis-retinaldehyde as a chromophore. Light stimulation causes a conformational change that photo-isomerizes the protein to alltransretinal, resulting in a conformational change in the receptor and downstream G protein signaling. The reported peak wavelength spectral sensitivity of melanopsin ranges from 420 to 500 nm (blue-cyan range) (22) , with the first successful absorption spectrum of mouse melanopsin suggesting peak absorbance at 424 nm (9) . This is almost precisely the wavelength at which we observed maximal vasorelaxation in response to light (Fig. 2) , further supporting the notion that Opn4 mediates photorelaxation in vessels. Genetic deletion of Opn4 and treatment with Opn4 inhibitors markedly reduced photorelaxation, also implying a main role for this opsin, although it remains possible that other NIF opsins (Opn3 and 5) are involved in vascular responses.
In classic rhodopsin signaling, light-activated opsin triggers the pertussis toxin-sensitive G protein transducin, which activates PDE6, with subsequent hydrolysis of cGMP leading to closure of the cGMP-gated ion channels and hyperpolarization of photoreceptor cells. By contrast, Opn4 signaling has not been fully elucidated (23) (24) (25) (26) . In the pRGCs, limited studies in native cells and cells in which Opn4 is overexpressed point to coupling of Opn4 to the Gg/11 G protein. Pharmacologic evidence supports a role for phospholipase C (PLC) in Opn4-driven light responses, because the PLC inhibitor U73122, but not its inactive homolog, blocks phototransduction in pRGC (27) . Furthermore, the PLCβ4 isoform mediates this signaling, because photoresponses are almost entirely abolished in pRGCs from PLCβ4 knockout mice (18) . Our data indicate a cGMP-dependent and PKGindependent pathway. Interestingly, signal transduction in photoreceptive neurons of invertebrates such as crayfish, sea slugs, and other molluscs (Aplysia, Onchidium, and Helix) involves a G o type G protein coupled to particulate GC and cGMP-dependent gating of K + channels, leading to hyperpolarization. Because invertebrate photoreceptors are similar to the NIF opsins in the mammalian retina (24) (25) (26) , it is likely that this promiscuous signaling is responsible for the signaling pathways we observe in blood vessels.
Like other GPCRs, Opn4 is a substrate for GRKs that mediate desensitization/regulation. GRKs are recruited to and phosphorylate ligand-occupied GPCRs on the cytoplasmic carboxyl-terminal tail. β-Arrestins bind phosphorylated GPCRs with enhanced affinity, thereby blocking recoupling of the dissociated G protein subunits to the GPCR and preventing further receptor activation (i.e., desensitization). On the basis of the complement of G protein receptor kinases present in melanopsin-expressing retinal ganglion cells, GRK2 seemed to be a strong candidate for melanopsin's cognate GRK (28) . Our finding supports this possibility that both small-molecule inhibition and knockdown of GRK2 enhance photorelaxation. Consistent with our results, GRK2 seems to be the principal GRK in regulating vascular smooth muscle-associated GPCRs (28), including α 1 -adrenergic (29) , endothelin (30), purinergic (31) , and β-adrenergic receptors (32).
Although we have inferred that the Opn4 receptors seem to be expressed on the VSMCs, we cannot absolutely exclude that the receptors are present in the adventitia and mediate vasorelaxant signaling in a paracrine fashion. This confirmation will need to await future studies in which cellular localization is determined by immunohistochemical techniques or in situ hybridization, or functional studies in which Opn4 receptors are selectively silenced in vascular smooth muscle.
The demonstration that blue light regulates blood flow has implications for understanding circadian regulation of blood flow and pressure in mammals. Blood pressure begins to rise in the morning (in humans and mice) (33) , a process that is strongly correlated with the timing of adverse cardiovascular events (34) . Moreover, each element of the vascular structure has an internal circadian oscillator that contributes to diurnal rhythms in vascular tone (35, 36) . Although genes that regulate the output of the clock have been identified, environmental input signals have not been established. We speculate that the Opn4 receptor is one of these vascular sensors. The characterizations of this previously unidentified lightdependent vasorelaxation pathway represents a opportunity for targeting wavelength-specific light therapy in vascular disease; specifically, vascular diseases that are associated with enhanced vasconstriction mediated by neural, humoral, or paracrine signals, as well as in sites where light will have access. This is especially the case in Raynaud's phenomenon (RP), which is characterized by recurrent episodes of robust painful cutaneous vasoconstriction in excess of the typical response to cold temperature (37) . The intense digital vasoconstriction and hypoxemia is associated with vascular dysfunction related to ischemia/ reperfusion injury, systemic inflammation, increased oxidant stress, endothelial dysfunction, and an imbalance between coagulation and fibrinolysis (38, 39) . Patients affected by this condition experience pain, slow-healing ulcers, and vasculopathy (40) (41) (42) . The mechanisms mediating the robust cutaneous vasoconstriction to cold that is dysregulated with RP involves the intracellular translocation of α 2C adrenergic receptor from the Golgi apparatus to the membrane, inducing vasoconstriction (43) , and an AR-independent increase in calcium sensitivity through inhibition of myosin light chain phosphatase (44, 45) . Treatment of RP can include pharmacologics targeted to the endothelium or smooth muscle to increase NO-dependent vasodilation (sildenafil) or vasoactive drugs that block vasoconstrictive pathways (endothelin-1 antagonists). However, the inconsistent response to treatment and complications and side effects of therapy provide opportunity for this potential new therapy. Additionally diabetic microvascular disease may represent a further opportunity to use light therapy for the treatment of vascular disease.
